I. INTRODUCTION
The ferromagnetism in semiconductors ͑Ga,Mn͒As and ͑In,Mn͒As has been well established. The Curie temperatures are ϳ110 K for ͑Ga,Mn͒As ͑Ref. 1͒ and ϳ35 K for ͑In,Mn͒As.
2 Recent results suggest that ͑Ga,Mn͒N, [3] [4] [5] [6] ͑Ga,Mn͒P:C, 7, 8 CdMnGeP 2 , 9 (Zn 1Ϫx Mn x )GeP 2 , 10,11 and Co-doped ZnO ͑Ref. 12͒ are ferromagnetic at room temperature. It has been reported that a ferromagnetic state exists in Co-doped anatase/rutile TiO 2 at room temperature. [13] [14] [15] [16] [17] Very recently, we have reported room temperature ferromagnetism in Fe doped reduced-rutile TiO 2 . 18 Strong evidences were given to show that the observed ferromagnetism is intrinsic to the doped films. The carriers of the Fe-doped reducedrutile are p-type, which is different from the n-type found in Co-doped TiO 2 . 13 In this study, we report the magnetic properties of Mn x Ti 1Ϫx O 2Ϫ␦ (xϭ0.02-0.12) thin films of reduced-rutile structure. 18 -21 Mn doping in reduced rutile leads to a ferromagnetic state at room temperature.
II. EXPERIMENT
Mn x Ti 1Ϫx O 2 (xϭ0.02-0.12) thin films were grown on ␣-Al 2 O 3 ͑012͒ substrates by pulsed-laser deposition. Mn x Ti 1Ϫx O 2 targets were prepared using standard ceramic synthesis techniques. The films were prepared in vacuum at a substrate temperature of 970 K. The deposition rate was between 0.1 and 0.3 Å/s, and the film thickness varied from 40 to 100 nm.
The crystal structure of the films was investigated by x-ray diffraction ͑XRD͒ with Cu-K␣ radiation and transmission electron microscopy ͑TEM͒. The magnetic properties of the samples were determined from a superconducting quantum interference device magnetometer. The transport properties were measured with a physical property measurement system from Quantum Design ͑San Diego, CA͒.
III. RESULTS AND DISCUSSION
The XRD results show that the films are single-phase reduced-rutile. A typical XRD pattern of Mn x Ti 1Ϫx O 2 thin films is shown in Fig. 1͑a͒ . The film with xϭ0.08, Mn 0.08 Ti 0.92 O 2Ϫ␦ , is of reduced-rutile type with ͑202͒ plane, referred to the stoichiometric rutile tetragonal cell, parallel to the film plane as shown in Fig. 1͑a͒ . The two vertical lines show ͑101͒ and ͑202͒ reflections of the stoichiometric rutile. The ͑202͒ peak in Fig. 1 is shifted toward lower 2 angles by about 0.65°. The ͑101͒ peak is absent in sample xϭ0.08 due to substantial reduction that forms Magneli shear plane. 20, 21 The XRD results of the reduced-rutile Mn x Ti 1Ϫx O 2Ϫ␦ films are similar to that of Fe doped reduced-rutile TiO 2 .
18 TEM observation indicates no sign of segregation of impurity phase in the samples, as shown in Fig. 1͑b͒ .
The magnetization versus applied field ͑M-H͒ curves of all the films measured at 300 K show hysteresis with nonzero coercivity. Figure 2 shows the magnetic hysteresis loops for doped films xϭ0.06, 0.08, and 0.12. The inset shows the low field region of the hysteresis loop for xϭ0.08. The hysteresis loops indicate that the Mn-doped reduced-rutile films are ferromagnetic at 300 K. The magnetic moment per Mn increases initially with the Mn concentration. It peaks at x ϭ0.08 and decreases upon further increase of the Mn doping level. The room temperature saturation moment is 0.65, 0.83, and 0.14 B per Mn atom for xϭ0.06, 0.08, and 0.12, respectively. The coercivity of the three films follows a similar trend, H c ϭ85, 170, and 110 Oe at room temperature.
It is not difficult to rule out any impurity cause for the magnetic signals in the Mn-doped samples because Mn and Mn oxides, including Ti/Mn oxides, are not ferromagnetic except Mn 3 O 4 and perhaps certain Mn-Ti. 22 But the latter two have Curie temperatures in the 40 K range, too low to account for the room temperature ferromagnetism. Mn, MnO, Mn 2 O 3 , MnO 2 , and MnTiO 3 are antiferromagnetic with Néel temperatures of ϳ100 K or less. The low Néel temperatures rule out the possibility that parasitic magnetism in these antiferromagnets contributes to the room temperature ferromagnetic signals. Furthermore, the magnetic moment of parasitic magnets would be far less than observed in our samples ͑as high as 0.83 B /Mn).
The temperature dependence of the magnetization for sample xϭ0.08 measured with a field of 300 Oe is shown in Fig. 3 . The magnetization is essentially temperature independent over the temperature range shown except at very low temperatures. The Curie temperature T c of the films is above 300 K. Although the room temperature ferromagnetism in the Mn-doped reduced-rutile is not understood, it is expected to share the same origin as that of Fe-doped reduced-rutile. It may be related to the Zener-type hole-mediated RudermanKittel-Kasuya-Yosida-͑RKKY͒ -like interaction, which is responsible for the well-established III -V magnetic semiconductors ͑Ga,Mn͒As. [23] [24] [25] So far experimental values of the magnetization are only a fraction ͑from 1/7 to 1/2͒ of the expected value of 5 B /Mn in doped GaAs. 28, 29 There are several possible reasons for the magnetization deficit, but it is most likely that the local electronic structure associated with certain defects precludes individual Mn moments from participating in the ferromagnetism. 26, 27 We expect a similar situation in our samples. The upturn at low temperature shown in Fig. 3 is most likely attributed to the Mn moments that remain paramagnetic. In Fig. 2 , the decrease of the magnetic moment at high Mn concentration (xϭ0.12) is possibly due to the increased antiferromagnetic superexchange interaction between Mn moments which, in general, leads to a spin-glass-like state as observed in many II -VI dilute magnetic semiconductors above 20% Mn.
28,29
All reduced-rutile films exhibit semiconducting behavior. Figure 4 shows the temperature dependence of the resistivity for films xϭ0.06, 0.08, and 0.12. It increases with decreasing temperature and with increasing Mn concentration. The resistivity at low temperature is higher than that of Fe-doped reduced-rutile Fe x Ti 1Ϫx O 2Ϫ␦ . 18 Hall measurements indicate that the carriers are p-type with a carrier density of 6ϫ10 21 /cm 3 at room temperature for sample xϭ0.08. The theory of Dietl et al. suggests that holes are essential for the RKKY induced ferromagnetic state to stabilize at room temperature. 23 The large hole concentration in our samples may have played an important role in the coupling between the Mn magnetic moments that gives rise to the room temperature ferromagnetism. It may appear surprising that Mn-doped Magneli reduced-rutile conducts via holes instead of electrons considering the existence of oxygen vacancies that favor n-type conduction. However, in reduced-rutile, the 3d electrons of Ti 3ϩ form a band. The top of the band is probably located near or below the Fermi energy. The current carriers in either situation can be expected to involve holes or a combination of holes and electrons, which is achieved in the former case due to the favorable position of the Fermi level near the top of the band and in the latter case by thermal excitation. Photoemission experiments on Ti 4 O 7 showed the formation of the 3d band at the Fermi level at room temperature. 21 The density of states was observed in the band gap on reduced TiO 2 surfaces due to Fe adsorption. 30 
IV. CONCLUSIONS
In conclusion, room temperature ferromagnetic semiconductor Mn x Ti 1Ϫx O 2Ϫ␦ (xϭ0.02-0.12) thin films have been successfully grown by pulsed-laser deposition. The magnetic and transport properties of the films have been investigated. The saturation magnetization of Mn-doped reduced film reaches as high as 0.83 B /Mn (xϭ0.08) at room temperature. It is decreased to 0.14 B /Mn at a higher Mn concentration of xϭ0.12. The resistivity shows semiconducting behavior for the doped reduced-rutile films. The carriers are p-type. The origin of the holes in the reduced-rutile is discussed. The large hole concentration in our samples may have played an important role in the coupling between the Mn magnetic moments that gives rise to the room temperature ferromagnetism. 
